ABSTRACT This paper addresses the problem of trajectory tracking control of a surface vessel subject to parametric uncertainties, external disturbances, and thruster faults. A novel robust fault-tolerant tracking controller is developed by incorporating the radial basis function neural network and an adaptive control technique into the sliding mode control. It is shown that the designed controller is not only robust against environmental disturbances induced by waves and ocean currents, but also able to ensure that the surface vessel tracks the desired trajectory, without resorting to any knowledge of inertia parameters and despite the presence of thruster faults. In particular, exploiting a novel time-varying sliding mode manifold, the tracking errors are proved to converge to zero within a finite time, whose value can be pre-assigned by the designers according to the mission requirements. Numerical examples are carried out to testify the effectiveness of the proposed control algorithm.
I. INTRODUCTION
Over the last few years, marine technology has rapidly advanced. Among research areas, considerable research in trajectory tracking control of surface vessels has been undertaken on account of its extensive applications in oceanographic engineering, such as pipe-laying, target tracking, formation patrol, etc. However, stable and high-accuracy trajectory tracking control presents challenges because the kinematic and dynamic models of surface vessels are strongly nonlinear and highly coupled [1] . Moreover, the presence of parametric uncertainties and external disturbances are difficult to measure or estimate [2] . In addition, trajectory tracking control has attracted relatively more attention than the path-following problem because it is concerned with the design of control laws that force the vehicle to reach and follow a time-varying parameterized trajectory [3] . Currently, various advanced nonlinear control schemes have been conducted to improve closedloop system performance, including SMC [4] , [5] , model predictive control [6] , the event-driven method [7] , the disturbance observer [8] , the backstepping approach [9] , and others.
Owing to its advantages of a rapid response, relative design simplicity, better transient and robustness, and insensitivity to uncertain parameters and disturbances [10] , SMC has been recognized as an effective approach in controlling uncertain systems with highly coupled nonlinear dynamics [11] . Under SMC, the system behavior can be divided into two phases: the reaching phase, and sliding phase. The state trajectories are simultaneously directed toward and constrained on some predefined sliding hyperplanes [12] . A sliding mode controller for ship course control was proposed and simulation results were illustrated in [13] . Meanwhile, Ref. [14] presented a fuzzy sliding mode controller for a vessel motion control system. However, these studies are limited to linear vessel models. A terminal sliding mode fuzzy control approach based on multiple sliding surfaces for a nonlinear ship motion system was proposed in [15] ; however, the proposed mathematical model is simplified. Ref. [16] applied nonlinear SMC theory to dynamic positioning vessels and simulations to demonstrate the robust properties of the controller. Furthermore, the trajectory tracking control problem for nonlinear systems was considered in [17] via a time-varying sliding mode controller.
Despite the above research efforts, system faults, especially, thruster faults, were not considered in the above listed control schemes. In practice, various types of uncontrollable thruster faults frequently appear on account of challenging operating conditions and working environments [18] . Furthermore, the occurrence of faults in automated processes can result in a series of undesired reactions of a controlled plant, and the consequences could involve damage of the plant, personnel, or environments [19] . Therefore, the necessity of a fault-tolerant capability should be considered in the controller design stage [20] .
To this end, Ref. [19] researched a tracking control method for fully actuated vessels along a desired trajectory in the presence of thruster faults and time-varying hydrodynamic disturbances. A robust fault-tolerant tracking problem of uncertain under-actuated surface vessels with unknown faults in nonlinear dynamics and saturated actuators was proposed in [21] . A fault-tolerant control technique for the dynamic positioning of an over-actuated offshore supply vessel to handle abrupt faults in actuators was proposed in [22] . In addition, in [23] , a sliding mode control design was proposed based on a nonlinear sliding surface that ensures a high performance step response of uncertain over-actuated systems suffering from thruster faults. Various techniques in sliding mode control for fault-tolerance can be found in [24] .
While the problem of trajectory tracking with a faulttolerant capability was solved, the challenge relating to convergence speed remains. All the aforementioned control schemes guarantee only asymptotic stability, which implies that the system state trajectories converge to equilibrium as time goes to infinity. Obviously, for real-time tasks requiring extremely high precision, the convergence speed may be insufficient [25] .
In addition to faster convergence, the finite-time control theory manifests higher accuracy, better disturbance rejection properties, as well as robustness to uncertainties [26] . Owing to these advantages, the finite-time convergence problem has received immense research attention. For example, a terminal sliding mode fuzzy control approach based on multiple sliding surfaces for a nonlinear ship motion system was proposed in [15] . Refs. [27] and [28] addressed the problem of accurate trajectory tracking control for mobile robots subject to finitetime convergence. A finite-time output feedback trajectory tracking control problem for autonomous underwater vehicles was investigated in [29] . Ref. [30] presented a finitetime trajectory tracking control approach for under-actuated unmanned underwater vehicles with model parameter perturbation in the horizontal plane. Ref. [31] proposed a neural network approximation-based nonsingular terminal sliding mode control approach to address the problem of trajectory tracking for robotic airships. A finite-time fault-tolerant attitude stabilization control problem for a rigid spacecraft in the presence of thruster faults, external disturbances, and modeling uncertainties was addressed in [32] . Ref. [33] presented a fault-tolerant finite-time leader-follower formation control for a group of autonomous surface vessels with partially known control inputs.
To ensure the successful implementation of accurate trajectory tracking for surface vessels, the present study investigated the feasibility of finite-time tracking of the desired trajectory in the presence of parametric uncertainties, external disturbances, and thruster faults. In presenting the study, the main contributions of this paper can be summarized as follows: (1) The fault-tolerant controller is designed without the need of a prior fault detection and diagnosis scheme, and it can tolerate multiple types of thruster faults. (2) By introducing a novel time-varying forcing function into the sliding dynamics, the tracking errors are strictly guaranteed to converge to zero within a pre-determined time. The terminal time as an explicit parameter can be assigned by a user/designer according to the mission requirement. (3) By leveraging a neural network and adaptive techniques, the proposed control approach achieves robustness against parametric uncertainties and external disturbances via inexpensive online computations, in which only two parameters are required to be updated.
The remainder of this paper is organized as follows. Section 2 states the mathematical model of marine vessel and fault modeling for actuator faults. Section 3 presents the detailed procedure of the proposed control approach, including the proofs of all related finite-time stabilities. In Section 4, conducted simulations are presented to validate the superior features of the developed scheme for a dynamic positioning vessel. Section 5 concludes the paper.
II. CONTROL PROBLEM FORMULATION
In this paper, κ min (·) denotes the minimum eigenvalue of a matrix, · denotes the standard Euclidean norm and · F denotes the Frobenius norm of a vector or matrix.
A. MATHEMATICAL MODEL
We consider the three degrees of freedom kinematics and dynamics equations with respect to the surface vessel:
where η = [x, y, ψ] T denotes the positions (x, y) and yaw angle ψ of the vessel expressed in the earth-fixed reference frame X E Y E Z E , while υ = [u, v, r] T represents the vector of the surge, sway, and yaw velocities in the body-fixed reference frame X B Y B Z B , as shown in Fig. 1 . M ∈ 3×3 is the inertia matrix defining the mass moment of the system inertia. C(υ) ∈ 3×3 denotes the Corioliscentripetal matrix and D(υ) ∈ 3×3 represents the damping matrix. τ ∈ 3 and ω ∈ 3 denote the generalized control forces and external disturbances in the body-fixed reference frame, respectively. More details are provided in [34] .
Assumption 1: Inertia matrix M is symmetric positive definite, constant (or slowly varying because of payload variations and fuel consumption over time), and unknown but bounded by an unknown scalar M ≤ M max with M max > 0. The derivative matrix of M satisfiesṀ = 0 3×3 .
Assumption 2: External disturbance ω is unknown but satisfies ω ≤ ω max with an unknown scalar ω max > 0.
By coordinate transformation, the vessel mathematic model can be described in the earth-fixed reference frame as:
which means it is skew symmetric. Moreover, matrix M * (η) is symmetric positive definite.
B. RELATIVE TRAJECTORY TRACKING ERROR DYNAMICS
Define the trajectory tracking error as:
where η d represents the desired trajectory vector. Differentiating (6), we havė
And differentiating (7), we obtain
Manipulation of (3), (7) and (8) results in the trajectory tracking error system:
in which
Assumption 3: The desired position η d , together with its first-and second-order derivatives, are bounded. In other words,
For a marine vessel with three degrees of freedom, the generalized control forces τ are distributed among the thrusters in terms of control inputs τ c ∈ r (where r is the number of thrusters mounted and r > 3) [35] . The command forces and moments can be described as:
where
denotes the thruster force vector with
Furthermore, u c ∈ r represents the expected command signal generated by the control law, which will be developed later:
The health coefficient matrix K ∈ r×r is a diagonal matrix describing the health conditions of the thrusters:
In addition,
T denotes the uncertain thruster failures, and d i is the uncertain failure of the ith thruster, i = 1, 2, . . . , r.
The actuator configuration matrix T ∈ 3×r , with a full row rank, is defined in terms of a set of column vectors t i ∈ 3 , i = 1, 2, . . . , r:
here, α i denotes the angle between the force of the ith thruster and the surge direction, while l x i and l y i represent the longitudinal and lateral position of the ith thruster, respectively. 
D. NEURAL NETWORK APPROXIMATION
In control engineering, the RBFNN is typically used to compensate the unknown continuous packaged functions because of the good capabilities in the function approximation [36] . For any unknown continuous function f (Z ) : q → , where
is the input, and Z ⊆ q is a compact set. We thus have
in which δ(Z ) denotes the approximation error, and
N is an optimal weight vector described as:
whereŴ ∈ N represents the estimation of W * and N is the number of neurons.
And
∈ N is chosen as the Gaussian basis function vector , which has the following exponential function:
Here,
T represents the center of the receptive field, and h i is the width of the Gaussian function.
Assumption 6: For all Z ∈ Z , the approximation error δ(Z ) is bounded by a positive constant δ max . That is, δ(Z ) ≤ δ max . Remark 1: It should be noted that any energy in nature available to a given system is always limited on account of its physical structure feature. Accordingly, the inertia matrix, external disturbance, and thruster input disturbance being regarded as bounded in this paper is reasonable. In addition, Assumption 1 emphasizing that the changes of the inertia matrix are very slow is reasonable in practice.
E. CONTROL OBJECTIVE
In this paper, considering the trajectory tracking error system (9), the control objective is to design a commanded control input u c for a marine vessel in the presence of external disturbances, parametric uncertainties, and even thruster input disturbances (12) . It guarantees η e (t) ≡ 0 for t ≥ t f , where t f is a predefined terminal time. This means that the desired trajectory η d can be followed in a finite time for arbitrary initial conditions.
III. TRAJECTORY TRACKING CONTROL
In this section, a robust fault-tolerant controller is derived that guarantees that the trajectory tracking is achieved in the presence of actuator faults. Neural network and adaptive techniques are incorporated in the controller design to deal with the unknown parameters and unexpected disturbances. Especially, with the aid of a novel time-varying sliding mode manifold, the tracking errors can be proved to converge to the original within a finite time. Moreover, the terminal time as an explicit parameter can be assigned by a user/designer according to a mission requirement.
A. TRAJECTORY TRACKING CONTROLLER DESIGN
Considering the trajectory tracking error system (9), a novel sliding manifold is designed as:
S =η e + nη e − f (t) (22) where f (t) = [f 1 (t), f 2 (t), f 3 (t)] T is referred to as the forcing function in sliding dynamics described by S = 0 and n is a diagonal matrix with the form n = diag [n 1 , n 2 , n 3 ] , n i > 0, i = 1, 2, 3.. The vector function f (t) must be designed to meet the following conditions: (C1) f (0) =η e0 + nη e0 , in which η e0 is the initial value of the position error. With the satisfaction of this condition, the state trajectories originate from the sliding mode manifold; i.e., s(0) = 0.
(C2) f (t) → 0 while t → ∞, which implies the asymptotic stability of the closed-loop system.
(C3) f (t) has a bounded first time derivative. This condition is a basic requirement for the existence of a sliding control.
Meanwhile, an auxiliary error variable η er is defined as:
The combination of (22) and (23) results in:
Then, we can rewrite the trajectory tracking system of S as:
Here, RBFNNs are introduced to approximate and compensate L as
where X = [η T e ,η T e ] T is the input vector of RBFNNs, β * is the ideal constant weight matrix, ξ (X ) denotes the basis function vector, and ε(X ) represents the approximation error vector of unknown dynamics and external disturbances of the vessel.
According to (11) , (25) , and (27), we then have:
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Property 3: Td + ω + ε(X ) ≤ γ by Assumptions 2, 4, and 6, where γ is an unknown positive scalar.
Here, we have:
where b = β * T F , γ T , and φ = [ ξ (X ) , 1] T . Obviously, b is an unknown and time-invariant vector, whereas φ can be exactly obtained.
Theorem 1: Consider the trajectory tracking control system described as (1) with the thruster fault defined by (11) . The control inputs u c can thus be designed as:
whereb is the estimate of b and is updated by
Here, ρ is a positive scalar and k c is the positive control gain. It is obvious thatb(t) ≥ 0 for t ≥ 0.
Proof: Define a Lyapunov function candidate V as
with σ = κ min (TK T T ) > 0. Differentiating V with respect to time, and substituting Property 2 and (28) into the resulting equation, yields:
Here, using the Hölder inequality and substituting (29) into (33) yields:
Substituting the control inputs (30) into (34) gives:
Integrating (35) from 0 to t gives:
where V (0) is the initial value of V (t) defined in (32) .
To guarantee V (t) = 0 , we have:
Therefore, it is indicated that S(t) ≡ 0 holds for any t ≥ t 0 . In other words, all system states reach the sliding manifold S = 0 in a finite time, t = t 0 .
Remark 2: In this paper, considering the three degrees of freedom control problem, σ = κ min (TK T T ) > 0 means there are at most r − 3 thrusters failure at any time. In other words, if r − 2 or more thrusters simultaneously fail, the remaining active thrusters are unable to produce a combined input that is sufficient to tolerate the corresponding faults. They will thus set σ = 0. Consequently, an adequate number of thrusters should be equipped to satisfy σ > 0 to achieve the control objective.
Remark 3: The chattering phenomenon is a practical problem in general and is practically undesirable because it may excite the neglected high-frequency dynamics. To reduce the impact of this problem, a practical approach is to replace the discontinuous function R T (ψ)S/ R T (ψ)S in (30) by R T (ψ)S/ R T (ψ)S + , where is a small positive scalar [37] . Hence, the control inputs (30) can be modified as:
Remark 4: To avoidb → ∞, a σ −modification is adopted as:
where λ is a positive scalar.
B. SLIDING-MODE CONTROL FOR FINITE-TIME CONVERGENCE
In this paper, to reach the desired trajectory in finite time, we consider the following forcing function,
where t f is the terminal time, as an explicit parameter to be assigned for the designerąŕs convenience. Additionally, α = [α 1 , α 2 , α 3 ] T and t m are constant parameters to be determined, with:
For the first interval 0 ≤ t ≤ t m of (40), as all states are retained on the sliding manifold S = 0 after t m , and subject to η ei (0) = η ei0 , gives:
Then, for the second interval, t m < t ≤ t f of (40), with lim
By setting η ei (t f ) = 0 in (43), we have:
Rearranging (44) yields:
According to (44), α i can obviously be determined by assigning the positive parameter t m an appropriate value that satisfies (40). Generally, there is no unique choice for t m , and decreasing t m increases the required control effort during an initial period, and vice versa.
Finally, for the last interval t > t f of (40), since lim t→t + f η ei (t) = η ei (t f ) = 0, and f i (t) = 0, S = 0 yields η e (t) ≡ 0.
Thus, the trajectory tracking error remains at zero for all t ≥ t f . The proposed method in this paper first forces the system state to reach a desired trajectory and remain on it thereafter.
With n = 2, η ei (0) = −1,η ei (0) = 0, and various choices of time parameter t f , a set of ideal error response curves of the sliding dynamics is presented in Fig. 2 , while assuming that t m = 0. It is thus easy to find that the tracking error can converge to zero at the pre-specified terminal time t f . 
Remark 5:
In fact, it is a practical design aspect that ensuring the tracking error to tend to zero for a predetermined period of time, which is barely involved in previous studies but crucial to the successful implementation of a surface vessel operation. Inspired by [12] , this paper presents a new time-varying forcing function which is introduced into the sliding dynamics, so that the trajectory tracking errors can be ensured to converge to zero in a fixed finite time, which can be pre-assigned by the user/designer according to task demands. The innovation of the forcing function (40) lies mainly in two aspects compared to the one used in [12] : a) it has a distinctly different structure such that sliding dynamics (22) can be used while unexpected thruster faults occurs; b) the design parameters α i , i = 1, 2, 3 are less dependent on the initial conditions (see (45) for details).
IV. NUMERICAL SIMULATION
In this section, numerical simulations are outlined to validate the effectiveness of the proposed control approach. For detailed system parameters matrices of the vessel mathematic model, [38] can be referenced.
A. SIMULATION RESULTS WITHOUT THRUSTER FAULTS
For this scenario, all thrusters are assumed to work normally. The predefined trajectory and initial states of the vessel are mission can be achieved within the assigned terminal time, t f , with tracking errors less than 5 × 10 −5 m. The control histories of the vessel motion are given in Fig. 5 and Fig. 6 . It is shown that all of thrusters work effectively to provide sufficient actuating forces for guaranteeing the success of the tracking mission.
B. SIMULATION RESULTS WITH THRUSTER FAULTS
For this scenario, the fault-tolerant ability of the presented controller is evaluated, and a severe case in which multiple thrusters fault is considered. The fault scenarios of all thrusters are summarized in Fig. 7 , in which u ci and τ ci with i = 1, 2, . . . , 7 represent the expected command signals and actual outputs of the thrusters, respectively. With the same parameters as in the previous simulation scenario, the moving curve trajectory in the horizontal plane is shown in Fig. 8 . The time responses of trajectory tracking errors are shown in Fig. 9 . It is shown in the latter figure that the tracking errors can also decay to a relatively small level that is less than 1.2 × 10 −4 m within the pre-determined terminal time, t f . However, at a level that is larger than the error of the fault-free case, it still maintains a relatively high accuracy. Fig. 10 and Fig. 11 show the actual outputs of the thrusters for the faulty case. Although some thrusters suffer from severe faults, the remaining active ones still guarantee the success of the proximity mission.
V. CONCLUSION
In this paper, a solution to the problem of trajectory tracking of a surface vessel was proposed and evaluated. An SMC-based tracking control method was proposed with the capability of finite-time convergence with zero tracking errors, even in the presence of parametric uncertainties, external disturbances, and thruster faults. Moreover, the convergence time of the errors as an explicit parameter can be assigned by the user/designer according to mission requirements.
A numerical simulation was presented to further illustrate the tracking performance of the proposed control scheme.
Nevertheless, the designed controller presented in this paper is a passive fault-tolerant controller that does not require a prior fault detection and diagnosis. However, it has a conservative characteristic on account of the existence of the estimate of the upper bound on the inertia matrix, external disturbance, and the desired position in the controller. For future work, an active fault-tolerant control approach may be designed to reduce conservativeness by fault detection and the online controller reconfiguration. From 2015 to 2016, he was a Post-Doctoral Research Fellow with the School of Electrical and Electronic Engineering, The University of Adelaide, Adelaide, SA, Australia. His current research interests include T-S fuzzy system observer and controller design, and vessel dynamic positioning control. VOLUME 6, 2018 
